All sequences are available from the Genebank database (accession number(s) KT335428, KT335513.

Introduction {#sec001}
============

Since the inception of the human agropastoral transition, many crops have been domesticated and served as important food sources. In East Asia, foxtail millet, known in Chinese as 'xiao mi' or 'su' is one of the most important and earliest domesticated grain crops. The earliest archeological evidence of domesticated foxtail millet was found at the Nanzhuangtou (11.5--11.0 YBP) and Donghulin (11.0--9.5 YBP) in the North China Plain \[[@pone.0137088.ref001]\]. Foxtail millet played an important role in early agriculture in temperate Asia and Europe \[[@pone.0137088.ref002], [@pone.0137088.ref003]\]. Worldwide, foxtail millet is a minor and regional crop today. Nonetheless, foxtail millet is still widely cultivated in Asia, Europe, North America, Australia and North Africa as a grain for human consumption or forage \[[@pone.0137088.ref004]\]. Foxtail millet remains a staple food in some arid regions, particularly in northern China \[[@pone.0137088.ref005]\]. With highly productive cultivars being developed recently, foxtail millet is seeing a resurgence in terms of areas and levels of cultivation in China and also other regions in the world \[[@pone.0137088.ref006]\].

There is also renewed interest in foxtail millet as a model system for bioenergy research \[[@pone.0137088.ref007]--[@pone.0137088.ref009]\]. Just as *Brachypodium distachium* has been sequenced as a means of providing more ready access to the large genomes of Triticeae species such as barley (*Hordeum vulgare* L.), rye (*Secale cereale* L.), and wheat (*Triticum aestivum* L.) \[[@pone.0137088.ref010]\], foxtail millet is a tractable genetic model for large genome, biofuel crops in the Paniceae including switchgrass (*Panicum virgatum* L.), pearl millet (*Pennisetum glaucum* (L.) R.Br.), and napiergrass (*Pennisetum purpureum* Schumach.) \[[@pone.0137088.ref011]\]. With an inbreeding mating system and as a true diploid with a genome size of 407.5 MB (<http://www.phytozome.net/Setariaitalica>), short generation time makes foxtail millet a readily tractable system to rapidly explore the genetic basis of resistance to abiotic stress, agronomic traits, and phenotypic variation in Paniceae grasses that have applications as bioenergy crops \[[@pone.0137088.ref010]--[@pone.0137088.ref012]\]. A major breakthrough in *Setaria* genome research is the release of the first assembled reference genome of cultivated and wild foxtail millet \[[@pone.0137088.ref013], [@pone.0137088.ref014]\], which significantly promoted improvement programs both as a food source and a model system for exploring bioenergy grasses. The reference genomes will also assist in deciphering the sequence variations across species and associated useful traits \[[@pone.0137088.ref008]\]. Several studies have been carried out on genome-wide analyses to develop polymorphic markers for large-scale genotyping applications \[[@pone.0137088.ref015]\]; identify SNPs and insertion/deletion polymorphisms through re-sequencing \[[@pone.0137088.ref016]\]; identify phenotype-genotype associations \[[@pone.0137088.ref017]\].

Both association studies \[[@pone.0137088.ref018]\] and genomic scans \[[@pone.0137088.ref019]\] for targets of selection have become important tools for the identification of the genes responsible for complex trait variation \[[@pone.0137088.ref020], [@pone.0137088.ref021]\]. Nucleotide diversity, geographic structure and level of linkage disequilibrium (LD) impact the effectiveness of both association studies \[[@pone.0137088.ref018]\] and scans for selection \[[@pone.0137088.ref019]\]. The decay of LD will determine the number and density of markers and appropriate experimental design for association analysis \[[@pone.0137088.ref022], [@pone.0137088.ref023]\] and the genomic extent of a selective sweep \[[@pone.0137088.ref019]\]. Owing to higher levels of homozygosity and less effective recombination, inbreeding species are expected to have higher levels of LD \[[@pone.0137088.ref024]\]. However, a few of previous studies obtained inconsistent results about the extent of LD in foxtail millet \[[@pone.0137088.ref025]\]. We used four nuclear loci to investigate the magnitude and patterns of LD for foxtail millet.

Levels of nucleotide sequence diversity and geographic structure are important in association studies \[[@pone.0137088.ref018], [@pone.0137088.ref023]\], subpopulations can result in spurious association due to confounding of unlinked markers with phenotypic variation \[[@pone.0137088.ref026]\]. Genetic diversity of foxtail millet has been addressed using morphology \[[@pone.0137088.ref027]\], isozymes \[[@pone.0137088.ref028], [@pone.0137088.ref029]\], RAPDs \[[@pone.0137088.ref030], [@pone.0137088.ref031]\], AFLP \[[@pone.0137088.ref032], [@pone.0137088.ref033]\], SSRs \[[@pone.0137088.ref034], [@pone.0137088.ref035]\], eSSRs \[[@pone.0137088.ref036]\], ILPs \[[@pone.0137088.ref015]\], RFLP \[[@pone.0137088.ref037]\], ribosomal DNA \[[@pone.0137088.ref038]--[@pone.0137088.ref040]\] and transposable elements based markers \[[@pone.0137088.ref007]\]. Applying multiple single copy nuclear genes and extensive sampling, we can examine genetic diversity of foxtail millet across its range of cultivation.

Applying a collection of 311 foxtail millet accessions across its historical range of cultivation, we used resequencing data from four loci to: (1) document the nucleotide diversity within and among geographic regions; (2) examine the genetic structure; (3) investigate the extent of intralocus linkage disequilibrium (LD). Based on this information, the application of association studies in foxtail millet was addressed.

Material and Methods {#sec002}
====================

Samples {#sec003}
-------

A total of 311 foxtail millet landrace accessions were sampled. China, Central Asia, and European accessions constitute a large portion of the total sample because these regions have been the major regions of cultivation and/or putative domesticated centers ([S1 Table](#pone.0137088.s002){ref-type="supplementary-material"}). Seeds for each accession were drawn from the collections of the United States Department of Agriculture (USDA), the National Institute of Agrobiological Sciences (NIAS), and the Chinese Academy of Agricultural Science (CAAS).

Genomic DNA was extracted from young leaf tissue from a single individual of each accession using the modified CTAB method \[[@pone.0137088.ref041]\]. We examined four nuclear loci: Trisephosphate isomerase 1 (*TPI1*), glyceraldehyde 3-phosphate dehydrogenase (*G3PDH*), Alcohol dehydrogenase 1 (*ADH1*), the intergenic spacer 1 (*IGS1*) region of ribosomal DNA. Because the *IGS1* region is a portion of nuclear ribosomal DNA that occurs as tandem array, which is subjected to concerted evolution \[[@pone.0137088.ref042]\], we compared diversity at *IGS1* among geographic regions but did not include it in estimates of average diversity. The PCR and sequencing primers for *ADH1*, *G3PDH*, *IGS1* and *TPI1* were designed from *Zea mays*. Primer information is detailed in [Table 1](#pone.0137088.t001){ref-type="table"}. These primers were located in conserved portions of the genes when comparing the sequences between *Oryza sativa* and *Zea mays*, thus these primers have potential utility across the Poaceae.

10.1371/journal.pone.0137088.t001

###### Primers' information for four loci.

![](pone.0137088.t001){#pone.0137088.t001g}

  gene      encoding protein                           maize gene ID   foxtail millet gene ID   primer name   sequence (5\'-\>3\')                   type of primer
  --------- ------------------------------------------ --------------- ------------------------ ------------- -------------------------------------- ------------------
  *IGS1*    The ribosomal intergenic spacer1           \-              \-                       IGS1-1        `CATTGTAAGTGGCAGAGTGG`(Tm = 57.80)     PCR & sequencing
                                                                                                IGS1-3        `TGACTACTGGCAGGATCAAC`(Tm = 57.80)     PCR & sequencing
  *ADH1*    Alcohol Dehydrogenase 1                    542363          101767284                Adh1-1        `ATYTgCTCAggATCAACACT`(Tm = 54.73)     PCR & sequencing
                                                                                                Adh1-4        `gTgATgAACTTCTCCACCTC`(Tm = 57.80)     PCR & sequencing
  *G3PDH*   Glyceraldehyde 3 phosphate dehydrogenase   103642790       101785151                G3pdh-1       `GTTTTGTGGTGGGTTCAG`(Tm = 55.02)       PCR & sequencing
                                                                                                G3pdh-4       `CTTCCACCTCTCCAGTCC`(Tm = 59.58)       PCR & sequencing
                                                                                                G3pdh-3       `GAAGAGTCCAATAACTCTGCTT`(Tm = 56.35)   sequencing
  *TPI1*    Triosephosphate isomerase 1                103645706       101778953                TPI1-F        `GCAACTGGAAATGCGTAA`(Tm = 52.74)       PCR & sequencing
                                                                                                TPI1-R        `AGCACCTCCCTTCTTCAC`(Tm = 57.3)        PCR & sequencing
                                                                                                TPI1-M        `TATGGATCTCCAGAAGTTGG`(Tm = 55.75)     sequencing

PCR and DNA sequencing {#sec004}
----------------------

Polymerase chain reaction (PCR) was performed in a total volume of 25 μl containing 50 ng of template DNA, 10 μM of each primer, 2.5 μL 10 × PCR buffer (Mg^2+^), 2.5 mM of dNTP, and 1 unit of Taq DNA polymerase. PCR reactions (except *G3PDH*) used the following cycling conditions: 94°C for 3 min; 35 cycles (94°C for 80 sec, 54°C for 90 sec, 72°C for 90 sec); a final extension of 10 min at 72°C, the annealing temperature of *G3PDH* is 56°C. Amplified products were purified with EasyPure PCR Purification Kit (TransGen, Beijing, China), and were directly sequenced on an ABI (Applied Biosystems, Foster City, California, USA) 3730. The majority of PCR amplicons were directly sequenced. Amplicons from accessions that were determined to be heterozygous within a locus were cloned using pEASY kit (TransGen, Beijing, China). Not all samples were sequenced successfully, thus the sample size of final data matrix for *ADH1*, *G3PDH*, *IGS1*, *TPI1* are 296, 285, 293, and 289, respectively.

Sequence for each accession was assembled in Sequencher 4.1.4 (Gene Codes Corp, Ann Arbor, MI, USA), and edited sequences were aligned using Clustal X \[[@pone.0137088.ref043]\], and were further adjusted manually. The accuracy of haplotype data was assessed using Error Detection Using Triplets (EDUT) \[[@pone.0137088.ref044]\]. We carried out resequencing when private SNP occurred.

Sequences Analysis {#sec005}
------------------

### Sequence Diversity Estimation and Tests of Neutrality {#sec006}

Descriptive statistics for nucleotide sequence diversity and tests of neutrality were estimated using tools from the libsequence C++ software library \[[@pone.0137088.ref045]\]. Insert/deletion polymorphism was treated as missing data. We reported two estimates of *θ* = 4*N* ~e~ *μ*, based on the number of segregating sites (*θ* ~*w*~) \[[@pone.0137088.ref046]\] and the number of pairwise differences among haplotypes (*θ* ~*π*~) \[[@pone.0137088.ref047]\]. We also reported Tajima's *T* \[[@pone.0137088.ref048]\], a test of departures from neutrality under a standard coalescent model. The significance of Tajima's *T* was tested by 10,000 replicate coalescent simulations.

### Geographic structure {#sec007}

The sample was partitioned into nine geographic regions: China (CH), Central Asia (CA), South Asia (SA), Near East (NE), Korea and Japan (KJ), Southeast Asia (SEA), Europe (ER), North America (NA), and Africa (AF). We tested the extent of geographic structure in and among these partitions of the sample using *K* ~ST~\* and *S* ~nn~ methods of Hudson \[[@pone.0137088.ref049], [@pone.0137088.ref050]\] applied programs implemented in libsequence C++ software library \[[@pone.0137088.ref045]\]. *S* ~nn~ (nearest-neighbor statistic) is a powerful statistic for detecting genetic differentiation using sequence-based analysis over a wide range of sample size and levels of variation \[[@pone.0137088.ref049]\]. If two populations are highly differentiated, *S* ~nn~ is expected to be near one. *K* ~ST~\* measures genetic differentiation using resequencing data and can be more powerful for detecting population structure than SNP frequency-based estimates of *F* ~ST~, especially in the case of high haplotype diversity \[[@pone.0137088.ref049], [@pone.0137088.ref051]\].

Genetic differentiation was investigated using genetic assignment in STRUCTURE 2.3.4 \[[@pone.0137088.ref052], [@pone.0137088.ref053]\]. Burn-in time and replication number were set to 50,000 and 50,000 for each run, respectively. The number of populations (*K*) in the model was systematically varied from 1 to 10, with the median likelihood of each *K* value estimated from the 20 runs. We used the △*K* method \[[@pone.0137088.ref054]\] representing the highest median likelihood values using the online service Structure Harvester \[[@pone.0137088.ref055]\].

Linkage Disequilibrium Analysis {#sec008}
-------------------------------

Multiple methods were applied to estimate levels of LD in the data: a parametric estimate of the recombination rate: *ρ* = 4*N* ~e~ *r*, where *N* ~e~ is the effective population size and *r* is the recombination rate per generation \[[@pone.0137088.ref056], [@pone.0137088.ref057]\]; a composite likelihood estimator, based on pairwise LD between sites \[[@pone.0137088.ref058]\]; and intralocus LD estimating using Wall's *B* \[[@pone.0137088.ref059]\], a summary statistics with values approaching 1 indicating extensive congruence among adjacent segregating sites. The minimum number of recombination events (*R* ~*m*~) \[[@pone.0137088.ref060]\] were also reported.

LD between pairs of polymorphic sites was calculated based on squared correlation in allele frequency, *r* ^2^ \[[@pone.0137088.ref061]\], between each pair of SNPs with a frequency filter of ≥ 20%. The decay of LD with physical distance was estimated using nonlinear regression of LD between polymorphic sites versus distance in base pairs between sites \[[@pone.0137088.ref062]\]. The statistical package R ([http://www r-project.org](http://wwwr-project.org)) was used to plot LD versus distance.

Results {#sec009}
=======

Nucleotide Sequence Polymorphism and Diversity {#sec010}
----------------------------------------------

The aligned sequence of *ADH1*, *G3PDH*, *IGS1*, and *TPI1* are 875, 1390, 970, and 870 bp, respectively, and the combined total length of aligned sequence for four loci is 4105 bp ([Table 2](#pone.0137088.t002){ref-type="table"}). Most foxtail millet individuals were found to be homozygous at the four nuclear loci used in this study, and most amplicons could be sequenced directly except two individuals heterozygous for *TPI1* and three for *ADH1*. These results are consisted with previous study that foxtail millet has a high selfing mating system, but also have a crossing rate of 0.002 to 0.6% \[[@pone.0137088.ref025]\]. For the amplicons could not be sequence directly, we applied cloning method to infer individual haplotypes. There are 16, 22, 27 and 30 haplotypes detected from *ADH1*, *G3PDH*, *IGS1*, and *TPI1*, respectively ([Table 2](#pone.0137088.t002){ref-type="table"}, [S2 Table](#pone.0137088.s003){ref-type="supplementary-material"}, [Fig 1](#pone.0137088.g001){ref-type="fig"}).

10.1371/journal.pone.0137088.t002

###### Estimate of nucleotide sequence diversity, Tajima's *T* (commonly reported as Tajima's *D* test), Wall's *B*, and *R* ~m~ for 311 accessions of foxtail millet.

![](pone.0137088.t002){#pone.0137088.t002g}

  Gene      Length, bp   Region          *n*   *s*   *h*   haplotype diversity   *θ* ~*W*~ x 10^3^   H~01~ x10^3^   *θ* ~*π*~ x 10^3^   *θ* ~π\ (replacement)~ x 10^3^   *θ* ~π\ Silent\ Polymorphism~x 10^3^   T       Wall's *B*   R~m~
  --------- ------------ --------------- ----- ----- ----- --------------------- ------------------- -------------- ------------------- -------------------------------- -------------------------------------- ------- ------------ ------
  *ADH1*    875          All sequences   296   22    16    0.69                  4.17                NA             3.83                5.49                             0.02                                   -0.21   0.09         2
                         CA              45    7     4     0.58                  1.83                1.34           3.60                0.00                             0.00                                   2.62    0.33         1
                         ER              59    15    7     0.72                  3.70                1.06           3.62                0.00                             0.00                                   -0.06   0.21         1
                         KJ              21    16    6     0.77                  5.09                NA             4.30                0.00                             0.01                                   -0.57   0.27         0
                         NA              7     8     4     0.81                  3.73                NA             4.46                0.00                             0.01                                   1.03    0.43         0
                         NE              37    7     5     0.51                  1.92                1.66           3.35                0.00                             0.00                                   2.11    0.33         1
                         SA              19    8     6     0.74                  2.62                NA             3.44                0.00                             0.00                                   1.07    0.29         1
                         SEA             8     5     2     0.54                  2.20                NA             3.06                0.00                             0.00                                   1.76    1.00         0
                         CH              90    15    9     0.56                  3.51                0              3.17                0.13                             0.00                                   -0.27   0.14         0
                         AF              10    6     2     0.60                  2.42                NA             2.90                NA                               NA                                     0.80    0.60         0
  *G3PDH*   1390         All sequences   285   34    22    0.78                  4.09                NA             4.20                1.18                             4.80                                   0.07    0.06         4
                         CA              43    18    6     0.69                  3.02                1.84           4.02                1.00                             4.93                                   1.07    0.12         2
                         CH              87    33    15    0.84                  4.90                0.99           6.01                1.45                             7.03                                   0.71    0.13         3
                         ER              56    32    10    0.59                  5.06                3.92           2.14                0.49                             2.63                                   -1.90   0.16         2
                         KJ              19    29    9     0.89                  6.02                NA             6.09                1.46                             7.50                                   0.05    0.18         0
                         NA              7     5     4     0.81                  1.48                NA             1.38                0.00                             1.81                                   -0.33   0.25         0
                         NE              35    16    3     0.58                  2.82                0              2.59                0.48                             3.23                                   -0.27   0.60         0
                         SA              18    17    5     0.71                  3.58                NA             5.38                1.57                             6.54                                   1.92    0.38         0
                         SEA             9     15    3     0.67                  3.98                NA             5.76                1.66                             7.07                                   2.17    0.86         0
                         AF              11    16    4     0.69                  3.96                NA             5.85                5.09                             6.13                                   2.13    0.60         0
  *TPI1*    870          All sequences   289   21    30    0.65                  3.87                NA             2.86                4.01                             2.75                                   -0.68   0.00         3
                         CA              43    11    9     0.41                  2.91                4.20           1.02                0.00                             1.09                                   -1.94   0.20         1
                         CH              91    17    17    0.71                  3.84                9.17           3.20                3.60                             3.08                                   -0.47   0.00         2
                         ER              56    13    11    0.73                  3.24                3.68           2.34                2.90                             2.29                                   -0.82   0.00         1
                         KJ              17    8     6     0.79                  2.70                NA             3.63                5.18                             3.24                                   1.21    0.14         1
                         NA              9     9     5     0.81                  3.78                NA             4.57                9.73                             4.20                                   0.96    0.38         0
                         NE              35    10    8     0.58                  2.77                5.132          3.02                2.83                             3.02                                   0.27    0.00         1
                         SA              20    7     3     0.28                  2.25                NA             1.19                1.75                             1.15                                   -1.54   0.17         0
                         SEA             9     7     2     0.42                  2.94                NA             2.91                0.00                             3.11                                   -0.03   0.83         0
                         AF              11    7     4     0.49                  2.72                NA             2.57                5.73                             2.35                                   -0.23   0.67         0
  *IGS1*    970          All sequences   293   76    27    0.82                  18.72               NA             10.05               NA                               NA                                     -1.38   0.111        5
                         CA              44    44    12    0.84                  14.99               0              12.81               NA                               NA                                     -0.51   0.26         0
                         CH              92    56    14    0.78                  16.34               3.18           11.53               NA                               NA                                     -0.95   0.13         3
                         ER              56    14    6     0.68                  4.26                6.38           4.73                NA                               NA                                     0.33    0.23         3
                         KJ              19    12    5     0.75                  4.76                NA             5.82                NA                               NA                                     0.81    0.27         0
                         NA              8     12    5     0.86                  6.45                NA             5.77                NA                               NA                                     -0.53   0.18         0
                         NE              35    32    5     0.48                  11.26               0              6.32                NA                               NA                                     -1.55   0.55         0
                         SA              19    34    5     0.46                  14.51               NA             6.80                NA                               NA                                     -2.13   0.32         0
                         SEA             9     31    3     0.64                  17.10               NA             20.42               NA                               NA                                     0.98    0.43         0
                         AF              11    12    4     0.49                  5.69                NA             3.74                NA                               NA                                     -1.49   0.27         0

Notes: 1. CA: Central Asia; NE: Near East; KJ: Korea/Japan; SA: South Asia; CH: China; NA: North America; EU: Europe; SEA: Southeast Asia; AF: Africa. 2. *n* = number of accessions; *s* = number of SNPs; *h* = number of haplotypes; *θ* ~*π*~ = pairwise nucleotide diversity; *θ* ~*w*~ = nucleotide diversity; *T* = Tajima's *T*.

![Geographic distribution of haplotypes of foxtail millet.\
The distribution of haplotypes for the (A) *ADH1*, (B) *G3PDH*, (C) *IGS1*, (D) *TPI1* locus are shown. Each distributed regions are indicated by circles. Different colors delineate specific haplotypes. The size of the circles in the figure corresponds to numbers of accessions in a given region.](pone.0137088.g001){#pone.0137088.g001}

Nucleotide diversity at each locus is shown in [Table 2](#pone.0137088.t002){ref-type="table"}. The clear sequence alignment profile is shown in [S1 Fig](#pone.0137088.s001){ref-type="supplementary-material"}. A total of 152 SNPs were detected across the four loci. For the three single copy genes, diversity per locus ranged from *θ* ~*w*~ = 3.89--4.09 × 10^−3^ with an average *θ* ~*w*~ = 3.98 × 10^−3^. The nucleotide diversity of locus *IGS1* is 18.72 × 10^−3^, which is much higher than three single copy genes. Tajima's *T* value for *ADH1*, *G3PDH*, *IGS1* and *TPI1* are -0.14, 0.07, -0.75 and -1.38 (*P* \> 0.1), respectively. None of the Tajima's *T* values show significant deviation from expectations for a panmictic population evolving under neutrality. Nucleotide diversity estimated by the number of pairwise differences among haplotypes (*θ* ~*π*~) ranges from 2.86--10.05 × 10^−3^ for the four loci, with on average of 6.98 × 10^−3^ ([Table 2](#pone.0137088.t002){ref-type="table"}).

Among the four most extensively sampled regions including Central Asia, the Near East, China, and Europe, accessions from China have the highest average nucleotide diversity at four loci measured by *θ* ~*w*~ except *G3PDH* and by *θ* ~*π*~ except *ADH1* ([Table 2](#pone.0137088.t002){ref-type="table"}). Excluding these regions, the Korea-Japan region has especially high nucleotide diversity, and has higher nucleotide diversity than that of China at four loci except *G3PDH*.

Geographic Structure {#sec011}
--------------------

Results of the *S* ~nn~ test for geographic structure and estimates of *K* ~ST~\* at each locus are shown in [Table 3](#pone.0137088.t003){ref-type="table"}. *S* ~nn~ indicates significant geographic structure (*P* \< 0.001) for all four loci. *K* ~ST~\*statistics in locus of *IGS1* (*P* \< 0.05) also demonstrates significant geography structure ([Table 3](#pone.0137088.t003){ref-type="table"}).

10.1371/journal.pone.0137088.t003

###### Significance of *K* ~ST~\* and *S* ~nn~ tests for geographic structure.

![](pone.0137088.t003){#pone.0137088.t003g}

  Gene      sample        K~ST~\*      P-value   S~nn~      P-value
  --------- ------------- ------------ --------- ---------- ---------
  *ADH1*    All samples   -0.0014156   0.4737    0.245388   0
  *G3PDH*                 0.12011      0.0715    0.268825   0
  *IGS1*                  0.13964      0.0175    0.325848   0
  *TPI1*                  0.0709283    0.1077    0.264668   0

Genetic assignment based on the four loci showed moderate genetic structure. Evanno's \[[@pone.0137088.ref054]\] ad hoc estimator of the actual number of clusters was used, and the results showed *△K* indicate modes at *△K* = 2 & 7 model best fit the data, suggesting that the sample can be divided into 2 or 7 clusters. We examined the geographic distribution using both the *K* = 2 and *K* = 7 models ([Fig 2](#pone.0137088.g002){ref-type="fig"}).

![Structure analysis.\
The median *△K* for 10 runs for each *K* estimate are shown. A. median likelihood values. B. Population subdivision and the frequency distribution of foxtail millet population in each inferred clusters. Results from both the *K* = 2 (C) and *K* = 7 (D) models are shown. Each accession is shown by a thin vertical line that is partitioned into two or seven colored segments. The accessions in which membership probability is \< 50% are classified into a "mixed" group.](pone.0137088.g002){#pone.0137088.g002}

Estimation of Recombination and Linkage Disequilibrium {#sec012}
------------------------------------------------------

Estimates of the recombination parameter *ρ = 4N* ~*e*~ *r* for each population are shown in [Table 2](#pone.0137088.t002){ref-type="table"}. Recombination rate estimates are commonly lower than estimates of mutation rate *θ* ~*w*~ for most loci except for the *TPI1* locus.

Plots of squared allele frequency correlations (*r* ^2^) by physical distance between sites in foxtail millet are shown in [Fig 3](#pone.0137088.g003){ref-type="fig"}. SNP frequency filters of 1%, 5%, 10%, 20% were used. The red line in each plot depicts the lowess smoothed line that summarized the observed LD data. Intralocus LD is shown in the plot of *r* ^2^ against distance in base pairs between SNPs ([Fig 3](#pone.0137088.g003){ref-type="fig"}). Nonlinear regression shows clear and rapid decline of LD with distance in [Fig 3](#pone.0137088.g003){ref-type="fig"}, and the LD decays rapidly to half the initial value within ca. 1.2 kb. Wall's *B* value (0--0.21) also suggests similar pattern of intralocus LD.

![Plots of squared allele frequency correlations (*r* ^2^) by physical distance between sites in foxtail millet.\
An SNP frequency filter of 1%, 5%, 10%, 20% was used. The red line in each plot depicts the lowess smoothed line that summarized the observed data in LD.](pone.0137088.g003){#pone.0137088.g003}

Discussion {#sec013}
==========

Genetic Diversity and Geographic Structure in Foxtail Millet {#sec014}
------------------------------------------------------------

Foxtail millet has relatively low diversity for the three single copy genes (*ADH1*, *G3PDH*, *TPI1*) with average diversity *θ* ~*w*~ = 4.04 × 10^−3^, *θ* ~*π*~ = 3.63 × 10^−3^. The level of genetic diversity is lower than wild green foxtail (*Setaria viridis* (L.) P. Beauv.), where *θ* ~*w*~ = 5.9 × 10^−3^ \[[@pone.0137088.ref063]\]. However, despite the reduction in diversity relative to the wild progenitor species, foxtail millet still harbores a slightly higher level of diversity compared with other domesticated crop, such as rice (*Oryza sativa*) (*θ* ~*π*~ = 3.04 × 10^−3^) \[[@pone.0137088.ref064]\]. There were also some previous studies for genetic diversity of foxtail millet through variable methods. For example, Wang et al. surveyed DNA sequence for nine loci across 50 accessions of cultivated foxtail millet and found lower value of Watterson's estimator (2.70 × 10^−3^) \[[@pone.0137088.ref012]\], Liu et al. screened 128 accessions with 79 SSR markers and found the mean genetic diversity was 0.75 and the mean polymorphism information content (PIC) was 0.72 \[[@pone.0137088.ref065]\]. Then they identified genetic diversity of 111 accessions applied 23 mitochondrial DNA loci and revealed the mean genetic diversity was 0.29 and mean PIC was 0.23 \[[@pone.0137088.ref066]\]. Many genetic markers were developed including the Intron-Length Polymorphic Markers \[[@pone.0137088.ref015]\], SSR markers \[[@pone.0137088.ref034], [@pone.0137088.ref035]\], transposable elements-based markers (TEs) \[[@pone.0137088.ref007]\], which could be applied in genetic diversity study of foxtail millet in the future.

Cytological and genetic studies indicated that the wild ancestor of this crop is *S*. *viridis* \[[@pone.0137088.ref032], [@pone.0137088.ref067]--[@pone.0137088.ref069]\]. However, the domesticated times and domesticated center of foxtail millet is still an issue of intense debate, with China, Central Asia, Europe and Near East were considered as the most possible domestication centers by different studies \[[@pone.0137088.ref039], [@pone.0137088.ref070]--[@pone.0137088.ref072]\]. These four centers are also major cultivated regions, and a heavy sampling strategy was applied. China has the highest nucleotide diversity (*θ* ~*π*~) for loci *G3PDH* and *TPI1*, Europe for locus *ADH1*, and Central Asia for locus *IGS1* showed. Europe has the highest haplotype diversity for loci *ADH1* and *IGS1*, China for locus *G3PDH*, and Central Asia for locus IGS1. All the four regions except Near East contain high nucleotide diversity, haplotype diversity and private SNPs for certain locus, which should be major regions for germplasm conservation. Korea and Japan (KJ) have rarely been included in previous studies, high diversity (haplotype diversity = 0.8 × 10^−3^; *θ* ~*w*~ = 4.64 × 10^−3^; *θ* ~*π*~ = 6.65 × 10^−3^) was revealed in this study. The *S* ~nn~ test indicates significant geographic structure for four loci studied (*P* = 0). The *ADH1* locus also show significant population structure with *K* ~ST~\* (*P* \< 0.05). Given that the number of loci sampled is limited, the geographic structure of foxtail millet populations will require further exploration, but current data suggest a high degree of differentiation among geographic regions.

Linkage Disequilibrium in Foxtail Millet {#sec015}
----------------------------------------

Generally speaking, LD decays more rapidly in outcrossing than selfing species \[[@pone.0137088.ref073]\] because recombination is less effective in selfing species, where individuals are more likely to be homozygous. However, mating system alone has not proven especially predictive of the extent of linkage disequilibrium in self-fertilizing species, with relatively high levels of LD observed in *Arabidopsis*. *thaliana* (within 10 kb) \[[@pone.0137088.ref074]\] and *Boechera stricta* (within \~ 10 kb or less) \[[@pone.0137088.ref018]\]; more rapid decay of LD in wild and cultivated rice (*O*. *sativa*) (\< 1 kb) \[[@pone.0137088.ref075]\], and very limited LD in wild barley, which is 98% selfing and has levels of LD are similar to those observed at in cultivated maize (\< 1 kb) \[[@pone.0137088.ref076]--[@pone.0137088.ref078]\]. Foxtail millet has a very low outcrossing rate, from 0.002 to 0.6%. However, intralocus LD at four loci show a significant negative correlation of LD with physical distance and decays to less than half the initial value within 1 kb. The decay of LD is most evident when the frequency filter applied to the data is highest ([Fig 3](#pone.0137088.g003){ref-type="fig"}), a result consistent with the geographic structure discussed above.

Our results show that low levels of LD in inbreeding organisms are not exceptional and could be explained by the following hypotheses. First, low LD may be resulted from a species-wide scale of sampling, which incorporates the entire history of polymorphism and recombination within a species over thousands of generations \[[@pone.0137088.ref074], [@pone.0137088.ref075], [@pone.0137088.ref077]\]. With a whole cultivation region sampling, our data is consistent with this sample-scale explanation. Second, low LD may be caused when selection favoring recombinant genotypes with new combinations of parental traits \[[@pone.0137088.ref079]\]. This explanation is plausible for crops experienced strong selection by human beings, such as cereals, a mechanism to eliminate deleterious mutations may be existent \[[@pone.0137088.ref080], [@pone.0137088.ref081]\]. Experiments are needed on natural populations to verify fitness advantages for recombinant genotypes. These analyses may explain the low levels of LD in foxtail millet, however the actually reasons for low level of LD detected need further studies.

There are also some previous studies about linkage disequilibrium of foxtail millet. Wang et al. reported similar level of LD as ours (extends to 1 kb) applied 9 gene loci \[[@pone.0137088.ref012]\]. However, some previous studies applied genomic data obtained much higher LD decay rate. Applying 916 diverse foxtail millet varieties, Jia et al. used 0.8 million common SNPs to reveal the genome-wide LD decay rate was \~100 kb on average \[[@pone.0137088.ref017]\]. Vetriventhan et al. genotyped 155 accessions using 72 SSR markers and showed that LD decay \< 40 cM of genetic distance \[[@pone.0137088.ref082]\]. Wang et al. reported the LD decay of less than 20 cM of genetic distance using SSR markers with 250 foxtail millet landraces \[[@pone.0137088.ref083]\]. Different molecular data and sampling strategy obtained inconsistent results. More analyses based on genomic data are needed to estimate sequence diversity and LD of foxtail millet.
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